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The control of gas-vacuolate cyanobacteria 
A. E. WALSBY 
Department of Botany, University of Bristol, Woodland Road, Bristol, BS8 1UG, England 
The cyanobacteria that cause problems in water supply are principally the colonial forms that 
are buoyed up by gas vesicles. The success of these organisms is due, in part, to their gas 
vesicles, which enable them to perform vertical migrations or to maintain themselves in the 
euphotic zone. The gas vesicles are also the root cause of the problems. In calm periods they 
cause the cyanobacteria to float to the water surface forming noxious scums, and they may 
prevent the colonies from sedimenting in water treatment plants. 
Gas vesicles are hollow, gas-filled structures; they are rigid but can be collapsed by the 
application of pressure. Their critical collapse pressure is influenced by their dimensions, 
which vary in different organisms. Gas vesicles are formed by the assembly of two types of 
protein, which determine their mechanical and physical properties. 
Methods for collapsing gas vesicles in natural populations of cyanobacteria will be 
considered. They may have application to the control of cyanobacteria in water supply. 
Introduction 
Cyanobacteria are true bacteria and have a type of cell organisation that is quite different from 
any of the eucaryotic algae (Whitton & Carr 1982). They are usually considered to form part 
of the phytoplankton community, however, because their photosynthetic mechanism is 
functionally similar to that found in the algae, and they therefore compete for light with the 
eucaryotic micro-algae in the plankton. 
At certain times of year cyanobacteria may come to dominate the phytoplankton in lakes and 
reservoirs (Carmichael 1981; Gibson & Smith 1982). It may be that one or more of their 
different bacterial attributes gives them a competitive edge over the eucaryotic members of the 
phytoplankton. For example, some cyanobacteria are able to fix atmospheric nitrogen and 
under nitrogen-deficient conditions this may enable them to outcompete the other algae. Not all 
cyanobacteria fix nitrogen, however, and when nitrogen is available non-fixing forms, such as 
species of Microcystis and Oscillatoria, commonly dominate. There are undoubtedly other 
features of cyanobacteria that determine which species dominate in particular lakes or at 
particular times, but do not explain the overall success of this group. 
The dominance of cyanobacteria in the plankton is partly due to their greater success in 
harvesting the light that falls on the aquatic system, and there are two ways in which they 
achieve this: (1) they are able to grow and survive at lower photon irradiances than other algae 
and (2) they are able to return to the upper euphotic layers, after periods of mixing, by floating 
up. If we understand these processes we may be in a better position to control the development 
of cyanobacteria in lakes and reservoirs. 
Cyanobacteria and microalgae in competition for light 
Photosynthetic systems in all organisms exhibit a biphasic response to irradiance. In the light-
limiting phase, the rate of gross photosynthesis is proportional to the irradiance. At higher 
irradiances the system enters the light-saturating phase at which the photosynthetic rate reaches 
a maximum value imposed by some other factor such as temperature, which controls the rate of 
the dark reactions. In a graph of the photosynthetic rate plotted against irradiance the gradient 
of the curve in the light-limiting phase gives an indication of the efficiency with which light 
Figure 1. Growth rate and rate of photosynthesis of the cyanobacterium Anabaena flos-aquae as a 
function of photon irradiance. (Redrawn from Van Liere & Walsby (1982) with original data from Shear 
& Walsby (1975) and W. Zevenboom, unpublished). 
energy is converted into chemical energy by the photosynthetic system (Fig. 1). The growth 
rate of the organism in turn depends on the efficiency of this conversion, and it varies in 
different organisms. 
At the same time as an organism is accumulating chemical energy by photosynthesis it is 
also dissipating energy through catabolic processes; the overall growth rate depends on the 
balance of anabolism and catabolism. 
Growth rates analysed by photostat culture. 
Mur and his colleagues at Amsterdam pioneered the analysis of how growth rate responds to 
irradiance by growing cyanobacteria and algae in steady-state continuous cultures, which they 
operated in a parallel fashion to chemostats. In the light-limited chemostat, or photostat, 
nutrients are supplied at non-limiting concentrations. Again, the inoculated microorganism, 
growing photosynthetically under illumination from a constant light source, grows rapidly at 
first, but as its concentration rises the light passing through the culture becomes attenuated by 
pigments and the average irradiance within the culture decreases until it falls within the light 
limiting values for photosynthesis. The growth rate decreases until it is equal to the dilution 
rate of the culture and at this point a steady state is achieved. The cultures were generally 
operated in such a way that all the light entering the culture was absorbed by the relatively 
thick layer of cells and in this way it was possible to determine the specific rate of energy 
uptake (qE) and to compare it with the growth rate (μ) (Van Liere & Mur 1979). The 
relationship was found to vary in different photosynthetic organisms. 
In summary, their results showed that the greatest increases in growth rate for a given rise in 
light uptake rate was achieved by the green alga Scenedesmus, and at relatively high 
irradiances this organism would grow faster than the cyanobacteria Oscillatoria and 
Aphanizomenon. At low irradiances, however, the cyanobacteria grew more quickly (Fig. 2). 
The reason for this seems to be that they have a lower maintenance energy requirement. 
Photosynthesis can therefore compensate for respiration at a lower irradiance in cyanobacteria 
than in other algae. 
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Figure 2. The variation in specific growth rate (μ) with specific light-energy uptake rate (qE) for the green 
alga Scenedesmus sp., the cyanobacterium Oscillatoria sp. and the heterocystous cyanobacterium 
Aphanizomenon sp. (which has an additional energy requirement for making heterocysts and fixing 
nitrogen). The intercepts of the horizontal axis indicate the maintenance energy requirements of the 
different organisms at zero growth rate. (After Van Liere & Walsby (1982), with original data of Gons & 
Mur (1980), Van Liere & Mur (1979) and Zevenboom & Mur (1980)). 
Competition between green algae and cyanobacteria in culture 
The faster growth of cyanobacteria at low irradiance had been clearly demonstrated by the 
experiments of Mur et al. (1978) in which the green alga Scenedesmus protuberans and the 
cyanobacterium Oscillatoria agardhii were allowed to compete with one another by growing 
them together in a photostat continuous culture. When the culture was illuminated with a low 
incident irradiance (1 W m-2, equivalent to 4.5 μmol m-2 s-1) the green alga grew so slowly that 
its rate of division was less than the dilution rate of the culture, and after 25 days it became 
washed out; the concentration of the cyanobacterium increased 17-fold over the same period 
(Fig. 3a). 
Of more interest is the outcome of an experiment in which a higher incident irradiance (25 
W m-2, equivalent to 113 μmol m-2 s-1) was used. The green alga initially grew faster than the 
cyanobacterium, but after 10 days the increased biomass had attenuated light within the culture 
to such a degree that the average irradiance within the culture was insufficient to allow the 
green algae to increase faster than the rate at which the culture was being diluted. Again, the 
cyanobacterium, which continued to grow faster than the dilution rate, won the competition 
(Fig. 3b). Mur and his colleagues have pointed out that such competition can account for the 
succession of green algae to cyanobacteria that occurs in many lakes during the summer. This 
may be summarised in the following way. 
Competition in lakes between green algae and cyanobacteria 
Imagine the same two organisms growing during the early summer in a clear, shallow but 
well-mixed lake, with a plentiful supply of nutrients. The average irradiance in the water 
column is high and the green alga, which grows more rapidly, produces the dominant 
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Figure 3. Competitive growth in a continuous culture of the green alga Scenedesmus protuberans ( ) 
and the cyanobacterium Oscillatoria agardhii (—) at incident irradiances of (a) 1.0 W m-2, dilution rate 
0.01 h-1; (b) 25 W m-2, dilution rate 0.03 h-1. In each case the cyanobacterium wins the competition. 
(Redrawn from Van Liere & Walsby (1982), with original data from Mur et al. (1978)). 
population. As the alga grows it absorbs more of the light entering the system and the average 
irradiance experienced by the cells circulating within the water column falls (Reynolds 1984). 
Eventually the average irradiance decreases to a value at which the cyanobacterium grows 
faster then the green alga, and the cyanobacterium takes over as the dominant phytoplankton 
organism. The same will happen within the surface mixed layer of a deeper lake. This sort of 
succession can explain why cyanobacteria succeed green algae in well-mixed lakes. 
Advantages of buoyancy provided by gas vesicles 
In more stable lakes that stratify for part of the time, buoyant cyanobacteria may derive 
further advantages from floating up towards the water surface. They then become distributed 
within a shallower layer with a higher mean irradiance; moreover, in such a position the 
cyanobacterial population shades out the green algal population. The stable conditions need 
not persist for very long to give this advantage. All that is required is that the cyanobacteria 
move upwards in the vertically decreasing light gradient during periods of calm, so that 
on average they experience a higher irradiance than other non-buoyant cells, which remain 
dispersed throughout the mixed layer (Humphries & Lyne 1988). 
This redistribution of buoyant cyanobacteria towards the surface of a periodically mixed lake 
has been demonstrated by Ibelings et al. (1991) who showed that buoyant Microcystis 
colonies were dominant in the upper 3m of the water column of Vinkeveen, a shallow fen lake, 
whereas non-buoyant colonies of Scenedesmus were distributed towards the lower layers. The 
vertical distribution of the cyanobacterium was more uniform in the well-mixed expanses of 
the Ijsselmeer, but even here the colony concentration was much less near the lake bottom 
where, owing to the weakening of turbulence in the basal boundary layer, the buoyant colonies 
could escape upwards by floating; the non-buoyant Scenedesmus, in contrast, was more 
abundant in this deep layer. 
Planktonic cyanobacteria may also derive advantages over other phytoplankton by regulating 
their buoyancy. By a number of physiological mechanisms they are able to gain buoyancy at 
low irradiance and lose buoyancy in high irradiance (Konopka et al. 1987 a,b; Walsby 1987). 
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In this way they may become buoyant and float up in a lake during the night-time and sink 
during the day. Because of their small size, separate cells and filaments do not move up or 
down very quickly, but in stable lakes they may stratify, forming layers in the metalimnion 
(Reynolds et al. 1987). The large colonial forms move more quickly, however, and are able to 
perform vertical migration over depths of 10 metres or more in a day. Such movements may 
enable these organisms to make excursions into the hypolimnion at night, where they may 
absorb nutrients that support their growth nearer the water surface during the day (see 
Reynolds & Walsby 1975, for a review). The quantitative aspects of such movements have 
been analysed by computer modelling (Walsby 1989; Kromkamp & Walsby 1990). 
Controlling cyanobacteria by lake mixing 
Artificial mixing is one of the few methods that has been used to discourage the growth of 
cyanobacteria in lakes, and it can be successful (see Steinberg, this volume). The general idea 
behind mixing is that if the phytoplankters can be circulated through a layer that is deep 
enough, none of them will receive sufficient irradiance for net growth. For the reasons given 
above, in relatively shallow lakes mixing may be more effective in reducing the growth of 
green algae than growth of cyanobacteria. Thus, while the overall size of the standing crop of 
phytoplankton may be reduced, mixing may actually increase the proportion of cyanobacteria. 
If a lake could be mixed continually the buoyant cyanobacteria might be maintained in 
circulation so that they would be unable to accumulate towards the top of the euphotic zone. 
The problem is, however, to achieve uniform mixing of a large water mass. It may be difficult 
to maintain mixing velocities over the whole of the lake that exceed the floating velocities of 
the cyanobacterial colonies, and the colonies would therefore start to accumulate over unstirred 
areas. Moreover, the buoyancy of the cyanobacteria may increase in response to the lower 
mean irradiance they experience when stirred through the water column, so that they then float 
up more rapidly. 
An alternative approach to complete and sustained lake mixing is intermittent mixing. The 
idea behind this is that the phytoplankton cells experience changing conditions that alternately 
benefit different organisms; the hope is that no one set of conditions exists for long enough to 
favour one particular species. However, changing conditions may actually benefit certain 
cyanobacteria, and in particular the colonial Microcystis species. They are often found in lakes 
that are subjected to intermittent mixing, and in the calm periods float upwards very rapidly 
into the euphotic zone (Walsby & McAllister 1987). During the period of calm they produce 
surface waterblooms. Some of the colonies may perform diel migrations to and from the water-
blooms while others may be able to withstand periods of high irradiance at the water surface. 
Control by gas vesicle collapse 
The buoyancy of cyanobacteria is provided by gas vesicles. There are ways of destroying gas 
vesicles which might be applied in lakes to remove the advantages of buoyancy. Gas vesicles 
are specific to prokaryotic microorganisms and do not occur in any of the eukaryotic 
phytoplankton algae. Treatments that do no more than destroy gas vesicles might, therefore, 
selectively remove cyanobacteria. I provide a brief description of the gas vesicle and its 
properties before discussing possible means of their destruction. 
The structure and properties of gas vesicles. 
The gas vesicle is a hollow structure formed from proteins. It has the shape of a hollow tube 
closed at each end by a hollow cone. The tube and cones are formed by ribs of protein running 
perpendicular to the long axis. Gas vesicles grow by an assembly process from small biconical 
initials, usually attaining a length of about 0.5 μm (Walsby 1972). The radius of the cylinder 
Figure 4. Filaments (of width 5 urn) of Anabaena flos-aquae (a) before and (b) after collapse of their gas 
vacuoles by pressure. The gas vacuoles, seen as bright refractile areas in (a), are aggregates of gas 
vesicles. 
varies between 45 nm and 110 nm in different species but is fairly uniform within each species 
(Walsby & Bleything 1988). The gas vesicle is therefore too small to be seen under the light 
microscope but aggregates of gas vesicles, called gas vacuoles, are visible as bright refractile 
granules in the cells. They are distinguished from other inclusions by their disappearance under 
pressure (Fig. 4). 
The protein wall of the gas vesicle is rigid, so that the structure has a volumetric compress-
ibility of less than one part in a thousand per bar. The outer surface is hydrophilic, minimising 
the forces of surface tension, but the inner surface is highly hydrophobic, excluding liquid 
water. The wall is highly permeable to gases which, diffusing in and out in less than a micro-
second, are in constant equilibration with the gases dissolved in the surrounding water. The gas 
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is therefore usually air at atmospheric pressure. Further details of the features and properties of 
the gas vesicle can be found in reviews by Walsby (1972, 1989) and Walsby & Hayes (1989). 
The protein of the gas vesicle can be destabilised by extremes of pH, acidity, salt 
concentration, detergents, and organic solvents (Buckland & Walsby 1971), but it is difficult to 
see how any of these agents could be applied on a scale that would permit the destruction of 
gas vesicles in cyanobacteria distributed through large volumes of lake water. Gas vesicles can, 
however, be destroyed by application of pressure (Fig. 4), and this might be used on a 
sufficiently large scale. 
Collapse of gas vesicles by pressure 
When gas vesicles are subjected to sufficient hydrostatic pressure they collapse flat. The 
cylinder folds down to a rectangular envelope and the cones become partially detached as they 
collapse to sectors of circles (Walsby 1971). This form of collapse is typical of the failure of a 
thin-walled cylinder that undergoes instability failure following buckling (Dehart 1969). The 
pressure at which the structure fails, known as the critical pressure (pc) is determined by the 
stiffness of the wall material and the ratio of the wall thickness (t) to cylinder radius (r). The 
wall of the gas vesicle is thought to be of constant thickness in different organisms (which have 
very similar gas vesicle proteins) but the cylinder radius varies considerably (Walsby & 
Bleything 1988). Critical pressures of gas vesicles can be measured by turbidimetric 
techniques, using a pressure nephelometer (Walsby 1973). From a survey of eight genera of 
cyanobacteria (Walsby & Bleything 1988; see Fig. 5) the relationship between critical pressure 
and cylinder radius was found to be pc = 275(r/nm)-l.67MPa. 
There seems to be a correlation between the strength of the gas vesicles that form on 
different cyanobacteria and the pressures they normally have to withstand. Thus, in shallow 
brine pools, where the cells have low turgor pressure and the hydrostatic pressure is small, 
there appears to have been natural selection for weak gas vesicles that are wider and therefore 
more efficient at providing buoyancy. Conversely, cyanobacteria from deep freshwater lakes 
(Fig. 5) possess much stronger gas vesicles that are narrower and therefore less efficient in 
providing buoyancy (Walsby & Bleything 1988). The range of mean critical pressure 
encountered is 0.3 MPa in brine pools, 0.5 to 1.0 MPa in freshwater lakes, and up to 3.7 MPa 
in the deep ocean (1 MPa =10 bar; a column of freshwater 10 metres deep generates a pressure 
of 0.98 bar). 
Figure 5. Critical pressure distributions of gas vesicles from various cyanobacteria showing the range in 
Dactylococcopsis salina from a shallow brine lake, and species of Aphanizomenon , Microcystis 
and Oscillatoria ( green, red) from freshwater lakes of different depths. (From Walsby & 
Bleything 1988). 
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Within each species both the width and strength of the gas vesicles vary about the mean 
values referred to above. Thus in Anabaena flos-aquae, for example, where the mean p,. is 
about 0.6 MPa, 10% of the gas vesicles are collapsed at pressures below 0.5 MPa and 10% 
collapse above 0.7 MPa. In a strain of Oscillatoria agardhii from a deep Norwegian lake the 
mean pc is 1.0 MPa but the strongest 10% of the gas vesicles require pressures exceeding 1.2 
MPa to collapse them. The comparable figures for a strain of Microcystis sp. are 0.8 and 0.9 
MPa, respectively, though in other strains of this cyanobacterium lower critical pressures are 
found. Inside healthy cells of the cyanobacteria the gas vesicles are subjected to a turgor 
pressure, which is usually 0.2 to 0.4 MPa (Fig. 6), and this contributes towards the total 
pressure required to collapse the structures (Walsby 1971). 
Figure 6. The critical pressure distributions of gas vesicles in cells of Anabaena flos-aquae in turgid 
cells suspended in fresh water, and cells without turgor, suspended in 0.5 M sucrose. The broken line 
(which gives the difference between the two curves) indicates the turgor pressure of the cells in fresh 
water. (After Walsby 1980). 
The relationship between buoyancy and gas vesicle content 
Cyanobacterial cells without gas vesicles usually have a buoyant density within the range 
1030 to 1060 kg m-3, depending on the content of dense substances such as carbohydrate. In 
order to float the cell must have sufficient gas vesicles to decrease the density below that of 
water, which is 998 kg m-3 for fresh water at 20°C. Sometimes the cells have a high gas vesicle 
content that give densities as low as 942 kg m-3, and it may be necessary to collapse more than 
50% of the gas vesicles to make the cells sink (Walsby et al. 1991). 
When gas vesicles are collapsed the cells initially decrease in volume; much (but not quite 
all) of the gas volume lost is replaced by water entering the cell (Walsby 1980). The 
relationship between the volume of gas vesicles collapsed and the change in cell density is 
approximately linear; for the precise relationship see equation (3) in Walsby et al. (1991). 
From Stokes's law, the sinking velocity of a cell or colony varies as the excess density, 
defined as the difference between the density of the object and the density of the suspending 
medium (e.g., water). It follows that the sinking velocity of the cell or colony will increase 
(almost linearly) with the proportion of the gas vesicles collapsed. 
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Methods of applying pressure to collapse gas vesicles 
In small containers the hydrostatic pressure in a suspension of cyanobacteria can be raised in a 
number of ways. The first account of gas vesicle collapse is that of Klebahn (1985) who 
generated the required pressure by filling a stout glass bottle to overflowing with the 
cyanobacterial suspension and inserting a cork which he drove in with the blow from a 
hammer. The pressure can be applied in a more controlled manner by filling a syringe, closing 
the outlet and pressing on the plunger; this can be scaled up with a purpose-made cylinder and 
piston. The pressure can also be applied as a gas pressure above the cyanobacterial suspension 
and by the deceleration of a column of water (Walsby 1971). Variations of these methods are 
useful for investigating gas vesicle collapse in the laboratory (Walsby 1971) but they are hardly 
applicable for treating large volumes of cyanobacteria in lake water. 
There are two basic approaches to collapsing gas vesicles in cyanobacterial populations in 
lakes. One is to attempt to apply pressure in the lake itself and the other is to apply the pressure 
in a pipe through which the cyanobacteria are circulated. The latter approach can be applied to 
water abstracted from a lake or reservoir before entering a treatment works, or to water 
recirculated back to the lake. 
The pressure required in these applications will vary with the species of cyanobacterium 
present, as discussed above. It will also depend on the turgor pressure of the cells at the time of 
treatment (see Fig. 6); this is affected by irradiance and nutrient availability (Walsby 1971, 
1980). Some cells may lose turgor pressure through photooxidation in waterblooms (Walsby et 
al. 1991) and the full critical pressure must then be applied in order to collapse their gas 
vesicles. The proportion of the gas vesicles that must be collapsed to cause the cells to sink will 
depend on their state of "over buoyancy". In some cases over 50% of the gas vesicles must be 
collapsed to remove buoyancy (Walsby et al. 1991). The sedimentation velocity of the colonies 
will then depend on the proportion of the gas vesicles remaining and to obtain the maximum 
velocity it will be necessary to collapse all of the gas vesicles. Although the ideal solution 
would be to apply a pressure that exceeds the maximum critical pressure of any organism 
likely to grow in the lake (about 1.3 MPa), in practice there must be a "trade-off between 
pressure and cost. The critical pressure curves (Figs 5 and 6) provide the information needed in 
making these decisions. 
Ultrasonic radiation 
In 1957 an attempt was made by D. A. Hill and R. F. Packman of the Water Research 
Association, in association with K. B. Clarke of the Lowestoft Water Company, to treat water 
heavily laden with Oscillatoria. The water was passed through a pipe containing an ultrasonic 
transmitter delivering pulses of ultrasonic radiation. The discussion section of a paper by Brook 
(1959) indicates that the method was not successful in collapsing all the gas vesicles or in 
destroying the buoyancy of the filaments. It has been shown in laboratory experiments, 
however, that ultrasonic radiation can cause complete collapse of gas vesicles in cyanobacteria 
(Walsby 1969). A possible problem in scaling up the process may arise from the fact that the 
intensity of the radiation falls off as the square of distance, so that it requires considerable 
energy to treat a large volume of water effectively. 
A gas vesicle crusher employing a deep concentric pipe 
A method requiring little energy to operate has been developed by the East Anglian Water 
Company (now Suffolk Water Company). Water abstracted from a lake is circulated through a 
long concentric pipe sunk deep in the ground. At the bottom of the pipe the water experiences a 
hydrostatic pressure p = hdg, where h is the depth (m), d is the density of water (998 kg m-3), 
and g is the gravitational acceleration (9.8 m s-2) (Clarke & Walsby 1988). The depth required 
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depends on the critical pressure distribution, as discussed above. An 86 m deep pipe has been 
installed at the Lound Works of Suffolk Water Company. Gas vesicles were completely 
removed from colonies of Microcystis aeruginosa that passed through the pipe, and the 
colonies lost their buoyancy. Trials are in progress to evaluate the efficacy of the gas vesicle 
crusher in aiding the settlement of cyanobacteria in water treatment. It is also proposed that, by 
circulating water from one end of a lake through the crusher and returning it at the other end, 
the gas vesicles could be removed from the population of cyanobacteria, so that the colonies 
lose their buoyancy and are removed from suspension (Clarke & Walsby 1988). 
Generating pressures in lakes by explosions 
When I first started investigating gas vesicles I made a number of devices for collapsing 
them, and I was curious to see if they could be collapsed by explosions. In one experiment I 
floated a small firework on a sheet of paper on a waterbath containing a sample of Microcystis 
aeruginosa taken from one of the Metropolitan Waterboard Reservoirs. The firework was 
detonated and the shockwave from the explosion collapsed the gas vesicles in the Microcystis 
colonies, which quickly sank out of suspension. 
In a brief report of this demonstration (Walsby 1968) I suggested that explosions detonated 
on a larger scale at a lake surface might succeed in sinking out a cyanobacterial waterbloom. 
This idea was followed up by Menday & Buck (1972) who investigated the possible use of 
explosives in controlling cyanobacteria. Using Cordtex charges submerged in a flooded quarry 
they were able to demonstrate that Shockwaves from underwater explosions would generate the 
pressure necessary to collapse gas vesicles as much as 30 metres from the source. Line charges 
could be laid that would treat bands of water on either side. They analysed the amounts of 
explosives that would be needed to treat a given area of water, and they also investigated the 
adverse effects on fish and engineering structures. As they pointed out, "while the technique 
appears drastic it does provide a quick and cheap control method when a blue-green algal 
bloom is having a serious effect on a water supply; it is not suggested that explosives should be 
used as a regular means of algal control". 
Reformation of gas vesicles 
The cells themselves are not adversely affected by the act of collapsing the gas vesicles; they 
will, for example, photosynthesize at the same rate before and after gas vesicle collapse (Shear 
& Walsby 1975). Cells will make new gas vesicles after application of pressure that causes 
collapse of the existing ones (Lehmann & Jost 1971). The collapsed gas vesicles cannot be 
reinflated with gas because the membranes are too permeable (Walsby 1969) and because they 
are anyway split at the edges (Walsby 1971). There is evidence, however, suggesting that some 
of the protein material in the collapsed gas vesicles may be re-incorporated into the new ones 
that form, and that the rate of gas vesicle formation does increase after gas vesicle collapse 
(Hayes & Walsby 1984). The new gas vesicles start as small bicones which then slowly 
elongate (Waaland & Branton 1969). It takes about 6 hours for an individual gas vesicle to 
reach the average length of 0.5 μm (Lehmann & Jost 1971), but it takes much longer than this 
before the cell accumulates sufficient gas vesicles to float. 
Deacon & Walsby (1990) found that at the optimal light irradiance for gas vesicle 
reformation (30 μmol m-2 s-1) in Microcystis sp., it took about 3 days before the cells had made 
just sufficient gas vesicles to provide buoyancy. Over the same period, cells incubated at low 
irradiance (<5 μmol m-2 s-1) or high irradiances (> 80 μmol m-2 s-1) made less than a quarter of 
the gas vesicles required to regain buoyancy. Cells that had previously been incubated at high 
irradiances formed some new gas vesicles when kept in the dark, but after 4 days they also had 
less than a quarter of the amount required to make them float (Fig. 7). 
These results are relevant to the fate of cyanobacteria that have been subjected to pressures 
that collapse their gas vesicles in lakes. Without their gas vesicles the colonies will sink to the 
lake bottom where, except in very shallow, clear waters, the irradiance is likely to be too low to 
permit the recovery of buoyancy. Buoyancy recovery has not yet been investigated directly in 
lakes, however, and in situ measurements are needed. 
Concluding remarks 
If colonies are unable to recover their buoyancy they will be lost from circulation in the water, 
and the gas-vacuolate cyanobacteria will be removed from the competition for light by the 
phytoplankton. Their place will almost certainly be taken by other microalgae, some of which 
will doubtless present other problems. However, few other algae form surface scums, cause 
such visual discolouration and noxious odours, and present such a threat or toxicity as 
waterbloom-forming cyanobacteria (Carmichael 1981). Gas vesicle collapse offers the prospect 
of controlling these organisms with a method that is entirely physical and does not entail the 
application of any chemical substances. 
Figure 7. Gas vesicle reformation (indicated by pressure-sensitive turbidity, in Microcystis cells 
after 3 days in the light or 4 days in the dark following collapse of gas vesicles by pressure. The 
"dark" cells were preincubated at the irradiances shown for 3 days before gas vesicle collapse. Of the 
cells with the highest gas vesicle content (after 3 days in 30 μmol m-2 s-1) only 11 % were floating. 
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